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Abstract
Interfacing of ferroelectric and semiconductor materials provides a means of
coupling unique properties associated with ferroelectric materials to high
performance semiconductor devices. In this work we report the electronic
properties of ferroelectric/ZnO heterostructures, where (Pb,Zr)TiO3 (PZT) is
used as a prototypical ferroelectric oxide. Metal–PZT–metal structures
demonstrate ferroelectric hysteresis with remanent polarization of
28 µC cm−2 and coercive field of 75 kV cm−1 for a loop of 15 V. The
metal–PZT–ZnO capacitor structures demonstrate a characteristic
metal–insulator–semiconductor capacitance–voltage (C–V ) behaviour with
a hysteretic memory window of approximately 4 V. The heterostructure
C–V characteristics do not change significantly with varying frequency.
Metal–PZT–ZnO capacitors are also used as part of a simple RLC circuit to
demonstrate the ability to shift resonant frequency of the circuit with
switching ferroelectric polarization.
1. Introduction
Ferroelectric–semiconductor heterostructures are of great
interest for future devices where the unique properties of
such materials can be used for electronic and optoelectronic
applications. Perovskite oxides with switchable polarization,
electrooptic, pyroelectric, piezoelectric properties and voltage
tunable dielectric constants are highly desirable for sensors
and memory devices. Interfacing ferroelectric oxides
with semiconductors will allow us to take advantage
of such materials properties for multi-functional devices.
Ferroelectric oxides deposited on semiconductors such
as Si [1] and AlGaN/GaN [2] have been studied
previously.
The interface quality of ferroelectric/semiconductor het-
erostructures is of utmost importance for effectively coupling
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the ferroelectric charge into the semiconductor; therefore,
a semiconductor with excellent chemical compatibility with
oxides is required. Oxidation at the interface degrades the
electrical properties of the heterostructure and makes the use
of buffer layers [3] necessary. An oxide semiconductor elimi-
nates this problem, thus offering a chemically stable structure.
Zinc oxide [4–6], indium oxide [7], tin oxide [8] and lithium
niobate [1, 9] have been studied for this purpose previously.
ZnO has also been used as a buffer layer for (Pb,Zr)TiO3 (PZT)
capacitors [10] and as the active layer for ferroelectric gate thin
film transistors [11]. While the integration of PZT/ZnO has
been demonstrated in some device configurations, the elec-
tronic properties of these heterostructures are still not well
understood. In this work we explore the coupling of polariza-
tion in PZT with mobile charge density in the ZnO semiconduc-
tor and compare with models based on the electrostatics of the
material heterostructure. PZT/ZnO heterostructures are stud-
ied through capacitance–voltage (C–V ) and ac conductance
measurements on metal/PZT/ZnO structures. In addition, the
PZT/ZnO capacitors are applied to a basic passive circuit to
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exploit the switchable polarization of the PZT/ZnO structures
to shift resonance frequency.
2. Experiment
We fabricated metal–insulator–semiconductor–metal capaci-
tors to study the structural and electrical properties of PZT/ZnO
heterostructures. Platinized silicon wafers from Radiant Tech-
nologies were used as the bottom electrode for the capacitor
structures. We obtained PZT thin films using a sol–gel
process starting from a suspension of (Pb 0.52,Zr0.48)TiO3 nano-
crystals purchased from Nippon FerroTechnology Corporation.
The platinized silicon substrates were cleaned and annealed
at 700 ◦C prior to sol–gel deposition. The PZT nanocrystal
suspension was spin-coated on the substrates at 3000 rpm for
30 s. The samples were then dry baked at 115 ◦C for 15 min and
annealed at 700 ◦C for 2 min in oxygen and nitrogen through a
rapid thermal annealing process. Repeating this process twice
yielded ferroelectric films of thickness 400 nm, as measured
using optical reflectance.
We fabricated metal–PZT–metal capacitors as control
structures to independently examine the properties of the
PZT thin films. The top platinum contacts were achieved
using electron beam evaporation and a shadow mask, with
a contact area of 3.8 × 10−4 cm2. We fabricated metal–
ferroelectric–semiconductor–metal capacitors by depositing
ZnO thin films on PZT using pulsed laser deposition (PLD).
The deposition temperature was 300 ◦C and the oxygen partial
pressure was 30 mTorr. The laser pulse energies ranged from
250 to 300 mJ, corresponding to fluence values of 0.75 J cm−2
to 1 J cm−2. ZnO film thicknesses varied between 300 and
450 nm. ZnO thin films deposited on insulating sapphire
substrates under similar deposition conditions typically
yield an electron concentration of approximately 1018 cm−3
and electron mobility of approximately 10 cm2 V−1s−1.
Top ohmic contacts to the ZnO material were obtained
by evaporation of a Ti/Al/Au metal stack through a
shadow mask.
To evaluate the dielectric properties of the PZT thin films
we carried out polarization–electric field (P –E) measurements
using a Radiant RT66A Ferroelectric Characterization System.
We carried out these measurements on the control structures
(metal–ferroelectric–metal), in order to ensure that our
PZT thin films exhibited ferroelectric behaviour. We
measured the capacitance–voltage (C–V ) characteristics of
the Pt/PZT/ZnO/Pt capacitors for a frequency range 5 kHz–
1 MHz. The ac amplitude of the voltage signal was 10 mV and
the dc voltage sweep was done with a step size of 100 mV, at
a rate of 100 ms per step.
3. Capacitance–voltage and ac conductance
measurements
The P –E results for Pt/PZT/Pt capacitors indicate ferroelectric
behaviour for the sol–gel PZT material, as shown in figure 1(a).
The Pt/PZT/Pt capacitors showed a remanent polarization of
30 µC cm−2 and a coercive field of 60 kV cm−1 corresponding
to an applied bias of 2.5 V. Capacitance–voltage (C–V )
characteristics of the Pt/PZT/Pt capacitors are shown in

















































Figure 1. Ferroelectric behaviour of Pt/PZT/Pt thin film capacitors
as shown by (a) polarization–electric field and
(b) capacitance–voltage measurements.
associated with ferroelectric thin films. The electric-field
dependent dielectric constant of the PZT film ranged from
εr = 82ε0 to 330ε0. The peak capacitance value occurs
at applied bias of ±2.5 V, corresponding to the coercive
field.
We get an understanding of the coupling of ferroelectric
polarization to the ZnO semiconductor through the variable
frequency C–V measurements. The results of this
measurement are shown in figure 2. A hysteretic behaviour
is clear in the C–V data, with a memory window of
approximately 4 V. There is a capacitance peak at 2.5 V
for a C–V sweep in the forward direction. The C–V
characteristics of the Pt/PZT/ZnO/Pt capacitors represent a
superposition of the expected metal–insulator–semiconductor
behaviour in conjunction with the switchable polarization and
field-dependent dielectric constant of the PZT.
The shape of the C–V characteristic shows that the
capacitors can be operated in depletion and accumulation
modes, but not in inversion. We do not see inversion in our
devices due to the short minority carrier lifetime of holes in
the n-type ZnO layer. The C–V characteristics do not show
significant frequency dependence for the measured range, with
a variation in peak capacitance of less than 20%. The hysteretic
behaviour and peaked nature of the C–V characteristics will be
analysed in more detail in the following discussion section. AC
conductance characteristics of the Pt/PZT/ZnO/Pt capacitors at
1 MHz (figure 3) demonstrate hysteresis consistent with C–V
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Figure 2. Capacitance–voltage characteristics of Pt/PZT/ZnO






















Figure 3. AC conductance of Pt/PZT/ZnO capacitors measured at
f = 1 MHz in forward and reverse sweep directions.
behaviour. The ac conductance demonstrates a significant
change with bias and a memory window of 4 V.
4. Discussion
The Pt/PZT/Pt and Pt/PZT/ZnO/Pt capacitors both exhibit a dc
leakage current density with an ohmic (linear current versus
voltage) behaviour for ±10 VDC. The leakage current density
for Pt/PZT/Pt capacitors at 5 VDC applied bias is on the order
of 10 µA cm−2. We believe the leakage current is primarily
due to the polycrystalline characteristics of the PZT thin films,
where conduction through the grain boundaries are the main
source of current leakage through the insulator. The leakage
current density for Pt/PZT/ZnO/Pt capacitors was found to vary
among differing samples, as well as varying among capacitors
on a particular sample. In all cases, leakage current was
significantly larger for the Pt/PZT/ZnO/Pt capacitors, ranging
from a factor of 10 to several orders of magnitude larger. The
source of leakage current for the Pt/PZT/ZnO/Pt structure will
require further investigation. One possible source for leakage
is related to the band lineup at the heterojunction interface
between PZT and ZnO, where a relatively small barrier to
electron transport is expected. This is described in further
detail in the following.
We believe the leakage current is primarily due to
the polycrystalline characteristics of the PZT thin films, where
conduction through the grain boundaries are the main source
of current leakage through the insulator. In addition, leakage
across the PZT/ZnO heterojunction may also contribute to
current leakage. The band lineup at the heterojunction
interface between PZT and ZnO is not well understood, where
a relatively small barrier to electron transport may be expected,
as described in further detail in the following. The bandgap
energy for ZnO is known to be 3.3 eV and the PZT bandgap
included in the calculations was 3.7 eV. The electron affinity
values used for PZT and ZnO were 3.5 eV and 4.35 eV,
respectively. Assuming a band lineup that follows the electron
affinity, the structure has a type-II band lineup. The conduction
band discontinuity is 0.85 eV, which also represents the barrier
to electron transport from ZnO to PZT. It is well known that
heterojunction band discontinuities can have large deviations
from the electron affinity model and can also be strongly
influenced by the defect structure at the interface. The interface
characteristics of ZnO/PZT heterojunctions are a subject for
future study, where the electron affinity model will be used to
provide a semi-quantitative analysis of the C–V characteristics
measured experimentally. We included the Pt electrode in the
calculations with a work function of 5.3 eV. The band diagram
of the resulting heterostructure for depletion and accumulation
in the ZnO is shown in figures 4(a) and (b). Calculated
C–V characteristics were obtained using the accumulation
and depletion regions in metal–insulator–semiconductor
structures [12]. We used a carrier concentration value of 1.8×
1018 cm−3 in the ZnO, which we obtained through Hall-effect
measurements of similar ZnO layers deposited on insulating
substrates.
We calculated the C–V characteristics using two models
for the dielectric constant for PZT. The first model assumes
a fixed dielectric constant for PZT and the second assumes
a field-dependent dielectric constant. The field-dependent
dielectric constant was modelled using a method developed
by Chase et al, for BST thin films [13], where the capacitance
is expressed as






where γ = 0.417. We used 300ε0 for Cmax and 3 V for V2.
The resulting C–V characteristics show good agreement
with measured values, though there is still a deviation in
the modelling of the peaked shape of the C–V , which
may be due to a deviation in the modelling of the field-
dependent permittivity in PZT. Figure 5 shows the measured
and calculated C–V characteristics of the ferroelectric–
semiconductor capacitor at 1 MHz. Our calculation results
suggest that the observed hysteresis would result from a
density of sheet charges at the interface of magnitude
3 × 1012 cm−2. This would correspond to a very small
fraction of the polarization charge of the PZT capacitors,
1.3 × 1014 cm−2.
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Figure 4. Energy band diagrams calculated for Pt/PZT/ZnO
capacitors at (a) V = 0 V with PZT poled in the reverse direction
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Figure 5. Comparison of calculated and measured C–V behaviour
at 1 MHz.
The variable frequency C–V results (figure 2) show weak
frequency dependence. This result leads us to believe that
interface trap states are not significantly affecting the C–V
behaviour of the capacitors or that interface traps are at a




















Figure 6. Frequency response of RLC circuit with PZT/ZnO
capacitor in opposing polarization directions.
the C–V characteristics also closely follows calculated C–V
characteristics. This suggests that energetically distributed
traps at the interface are not strongly affecting C–V behaviour,
where such traps would be expected to result in a shallower
slope in C–V . The hysteresis we observed in the ac
conductance measurements is consistent with the C–V results.
Conductance is low with negative applied bias, because the
device is in depletion mode. As the bias is swept in the
positive direction, the device is put into accumulation mode
and conductance increases by one order of magnitude. The
device remains in depletion for a wider range of applied
bias values when the sweep is in the positive-to-negative
direction.
5. PZT/ZnO capacitors in circuits
We applied the PZT/ZnO capacitors to a basic passive resonant
circuit to further demonstrate hysteretic behaviour and
potential utility of these structures. We used a series resistor–
inductor–capacitor (RLC) configuration for this purpose, as
shown in figure 6. The circuit values were chosen to provide a
circuit with resonance frequency within the range where C–V
data were measured. The input consisted of a 2 VDC bias
and a sinusoidal input signal with peak-to-peak amplitude of
100 mV. The PZT/ZnO capacitors were poled at ±2 VDC prior
to the measurement. The resulting frequency response of the
circuit (figure 6) demonstrates peak resonance frequencies of
180 and 210 kHz for opposing polarization directions, with
a total resonant frequency shift of 30 kHz. The bandwidth
of the resonance is approximately 30 kHz. The values of
the PZT/ZnO capacitor corresponding to the 2 VDC operating
point are 145 and 390 pF for opposing polarization states. For
these values the resonance frequencies are expected to be at
80 and 130 kHz, a shift of 50 kHz, which is similar to the
measured value of 30 kHz. The expected bandwidth of the
RLC circuit is 1 kHz, which is much smaller than the measured
value of 30 kHz. We believe these differences are due to series
resistance and parasitic capacitances corresponding to the test
setup.
2433
E Cagin et al
6. Conclusions
We have presented electrical characteristics of Pt/PZT/ZnO/Pt
capacitors. The PZT thin films that we deposited through a
sol–gel process showed ferroelectric hysteresis and a voltage
tunable dielectric constant. C–V measurements showed that
the ferroelectric polarization charge of the PZT induces a
charge density in the ZnO. We observed a memory window
of 2 V in the C–V characteristics of the ferroelectric–
semiconductor heterostructures. Variable frequency C–V
measurements showed that interface trap states had minimal
effect on the capacitor performance. AC conductance
measurements showed hysteretic behaviour consistent with our
C–V results. We also tested the ferroelectric–semiconductor
capacitors in a simple RLC circuit. The test showed that the
capacitors can be used to create a controlled shift in the resonant
frequency of the circuit, making more sophisticated circuits
applications possible.
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